) were probably of synaptic origin (Pare et al., 1998) and increased in amplitude with age ( Figures 1A-1C, 2A-2C , always overlapped with the whisker producing the largest response ( Figure 3C ). At P20, SRSPs were larger, and 2G). At P20, spontaneous fluctuations were similar in amplitude to those previously measured in cortex of but the structure of the receptive field was indistinguishable from that measured at P14. The acuity of the map urethane anesthetized adult rats . At the end of a recording, neurons were iontophoretically (average slope, PW:S1:S2, see Experimental Procedures) did not differ between P14 and 20 neurons (Figloaded with biocytin (Figures 1D-1G ). Labeled cell bodies were found in layer 2/3 (14 in control, 26 deprived, ures 3C and 3D) (randomization test; df ϭ 13; t ϭ 1.02; NS). Thus, layer 2/3 receptive fields with mature strucwith a minimum of four each per age group). All neurons included in this study were spiny and presumably excitture emerge over two days toward the end of the second week of life. atory. Processes were traced from layer 2/3 ( Figures  1D-1E ) into sections containing the barrel map of layer 4 ( Figures 1F-G) , allowing us to determine the anatomical Experience-Dependent Plasticity of Layer 2/3 PW for each cell.
Receptive Fields
We have previously shown that deprivation from P10 profoundly reduces the motility and turnover of spines Development of Sensory Responses in Layer 2/3 To probe the development of cortical circuits, we deand dendritic filopodia on layer 2/3 pyramidal neurons imaged around P11-13 (Lendvai et al., 2000). To deterflected whiskers and recorded the resulting sensory response synaptic potentials (SRSP, Figure 2 ). At P12, mine if this motility driven by sensory experience might be related to the development and tuning of receptive SRSPs were not detectable above background, even when stimulating the PW (1.13 Ϯ 0.5 mV; range of fields, we assessed the effect of sensory deprivation on the structure of maps recorded at P14 (n ϭ 8 control, means ϭ 0.45-1.7 mV), and action potentials were never produced by sensory stimulation (Figures 2A, 2D , and 11 deprived). Sensory deprivation was induced by trimming all whiskers contralateral to the recording site be-2G). In animals older by only 2 days (P14), PW deflection evoked robust SRSPs (7.2 Ϯ 2.1 mV; range ϭ 4.9-10.2 ginning at P9. We found that in deprived animals receptive fields were strikingly disorganized by several mV) ( Figures 2B, 2E, and 2G) . However, SRSP amplitudes were small and slow compared to those recorded measures (Figure 4) . Receptive fields had a relatively small amplitude center and a large amplitude and broad in mature animals, and amplitudes varied greatly between cells. Furthermore, action potentials were rarely surround ( Figures 4A-4D ). Their acuity was significantly lower than in control animals (randomization test; df ϭ produced by sensory stimulation ( Figures 2B and 2E) 5D , 5F, and 5G). response ( Figures 4C and 4D) . We note that total excitation, defined as synaptic responses summed over center Thus, the development of layer 2/3 receptive fields is particularly sensitive to perturbations of sensory experiand surround, was independent of sensory experience (control: 10.83 Ϯ 4.44 mV; deprived: 10.23 Ϯ 7.87 mV; ence during a sharp critical period around P12-14, identical to the critical period previously determined for average of 18 stimulated whiskers).
In our previous studies, we have also shown that expelayer 2/3 spine motility. rience-dependent spine motility obeys a sharp critical period around P12. Does experience-dependent plasticDevelopment and Plasticity of Layer 4 Sensory Responses ity of sensory maps obey a similar critical period? To address this question, we initiated deprivation at P15, To interpret our observations of spine plasticity in terms of rearrangements of cortical maps, it is necessary to an age when spine motility is resistant to modulation of sensory experience and recorded at P20 (n ϭ 6 control, determine if the loci of experience-dependent plasticity and spine motility are shared. Could a lack of layer 2/3 7 deprived). Sensory maps recorded in deprived animals spine motility explain the disorder in layer 2/3 maps of n ϭ 10). Two days later in life (P14), layer 4 neurons had similarly large SRSPs, with rapid rise times (4 control; 5 deprived P14 animals? To identify the synaptic locus of experience-dependent plasticity, we measured sensory deprived) that produced action potentials (6/9 neurons; 0.37 Ϯ 0.39 spikes per stimulus, n ϭ 9) ( Figure 6B ). responses and maps in layer 4 neurons in deprived and control animals at P12 and 14. We reasoned that if layer These observations demonstrate that layer 4 responses mature before layer 2/3 responses. Layer 4 maps also 4 maps were not sensitive to deprivation over the range of ages tested, then plasticity had to occur in synapses matured early, showing adult-like structure by P12 (Figure 7A) , with the anatomically determined PW always involving layer 2/3 neurons, rather than thalamocortical or subcortical loci. When we moved our electrode down overlapping with the whisker producing the largest response (4/4 recovered neurons) (data not shown). through cortical layers, we on occasion recorded from multiple neurons in a single penetration (data not Equally mature receptive fields were measured 2 days later in life (P14) ( Figure 7B ). The acuity of the map (slope shown). At P12, we noticed that even though neurons in superficial layers never produced measurable sensoryof PW:S1:S2; see Experimental Procedures) did not differ between neurons in P12 and 14 animals (randomizaevoked responses, deeper neurons often produced large SRSPs ( Figure 6A ). Biocytin fills revealed that these tion test; df ϭ 7; t ϭ 1.62; NS) ( Figures 7E and 7F) . Thus, the structure of layer 4 maps develops before P12, long cells were spiny neurons belonging to layer 4 (5 control; 5 deprived). In addition to their large size (average ϭ before the emergence of layer 2/3 maps. We also determined if sensory experience is required 11.12 Ϯ 5.1 mV; range ϭ 5.75-17.12 mV), about half of layer 4 SRSPs had a rapid onset, resembling the for the development and tuning of layer 4 receptive fields. Sensory deprivation was induced by trimming responses recorded in mature animals ( Figure 6 ). Furthermore, sensory stimulation often produced vigorous all large whiskers contralateral to the recording site, starting at P9. We found that in deprived animals layer spiking (6/10 neurons, 0.43 Ϯ 0.31 spikes per stimulus, ence-dependent plasticity, their critical period must ocexperience-dependent over a narrow range of developmental ages. To probe the experience-dependent develcur before P9. Furthermore, since layer 4 maps are stable while layer 2/3 maps are plastic, our findings imply opment of cortical circuits, we used intracellular recording techniques to measure maps of synaptic that plasticity of layer 2/3 maps most likely involves layer 2/3 synapses. potentials.
Development of Sensory Responses and Maps Discussion
In all layers of the adult barrel cortex, whisker deflections produce rapid onset ‫02-5ف(‬ ms) large ‫51-5ف(‬ mV) This study was motivated principally by three observations. First, the majority of intracortical circuitry, as meaSRSPs ( ., 2000) . Third, the same age is associated with 2/3. Despite vigorous spiking sensory responses in layer 4, at P12, SRSPs were undetectable in layer 2/3. onset of active exploratory whisking behaviors (Welker, 1964) . Together, these factors suggest that the wiring Thus, at this earliest age, layer 2/3 is functionally not yet coupled to layer 4. This may be due to low densities of intracortical circuitry occurs rapidly and might be a peripheral to central gradient. In the youngest animals tested (P12), layer 4 receptive fields already had mature center-surround organization (Figures 7A and 7B) . Layer 2/3 maps became apparent only after P12, but they had mature shapes by P14 (Figures 3C and 5A) . Thus, our data extend the principle of peripheral-to-central development to intracortical circuitry. During the second postnatal week, the mature layer 4 map could serve as a template for the growth and Hebbian refinement of cortical circuitry underlying the layer 2/3 map. At P14, layer 4 to layer 2/3 feedforward excitatory projections are confined almost exclusively to one barrel column (Lubke et al., 2000) ; therefore, the mature shape of layer 2/3 receptive fields at this age could primarily reflect the mature structure of layer 4 receptive fields and highly ordered ascending projections.
We note that at P14 sharp receptive fields were measured in layers 2/3 even though neurons were rarely driven to firing by sensory stimulation (Figures 2E and  3A) . This observation may have implications for Hebbian models of map refinement that depend on timing be- territory. Then our protocol of "all whisker deprivation" is equivalent to binocular deprivation, but not to paracortical synapse numbers, layer 2/3 SRSPs developed soon after P12. At P14 layer 2/3 SRSPs were already digms that disturb the balance of sensory input between neighboring cortical areas, such as monocular deprivarobust, but their amplitudes were relatively small and their rise-times slow. At least three factors contribute tion in visual cortex (Hubel and Wiesel, 1962) or "univibrissae rearing" in barrel cortex (Fox, 1992) . to the small size of the responses measured at P14.
First, synaptic densities have not yet reached mature
Deprivation initiated at P9 had no effect on layer 4 receptive fields measured at P12 or 14. Thus, layer 4 levels ‫%06ف(‬ of mature levels) (Micheva and Beaulieu, 1996). Second, the young synapses responsible for coumaps, reflecting the organization of subcortical and thalamocortical circuits, appear to become resistant to senpling layers 4 and 2/3 may still be immature as discussed above. Third, compared to the low variability (Ͻ5 ms) sory deprivation by the end of the first postnatal week. This is consistent with previous experiments on the eflatencies in layer 4 of the adult brain (Armstrong-James and Fox, 1987; Zhu and Connors, 1999; Moore and Nelfects of univibrissae rearing on maps in the adult, which described a critical period around P5 (Fox, 1992). A son, 1998), layer 4 neurons fire with more variable latencies ( Figure 6B) , and therefore unitary synaptic potentials similar critical period was described for long-term potentiation (Crair and Malenka, 1995) and depression are expected to sum less than optimally to produce layer 2/3 SRSPs; this lack of layer 4 synchrony also could (Feldman et al., 1998) at thalamocortical synapses in brain slices. explain the slow rise times of these responses ( Figures  2E and 3A) . At P20, layer 2/3 SRSPs were mostly mature.
Deprivation during the second postnatal week produced profoundly abnormal layer 2/3 receptive fields Our measurements demonstrate that intracortical functional circuits develop rapidly with the growth of synap-(compare Figures 3 and 4) . This layer 2/3 plasticity obeyed a sharp critical period around P12-14 (Figures tic numerical densities.
Previous anatomical studies have shown that thala-5B, 5D, 5F, and 5H). Thus, like sensory stimulation evoked synaptic potentials and receptive fields, layer 4 mocortical and subcortical anatomical maps of the somatosensory system develop in a peripheral to central plasticity develops before layer 2/3 plasticity. We are not aware of a previous description of a critical period fashion (O'Leary et al., 1994; Killackey et al., 1995) . Similarly, the structure of cortical sensory maps develops in selectively involving the supragranular layers of neocor- ., 2000) , it is unlikely that differences in inhibiological differences these results are difficult to comtory synapses alone could produce excitation in far repare to the measurements presented here. In our intragions of the surround observed in maps from deprived cellular studies, the strongest experience-dependent animals ( Figures 4C and 4D) . Similar arguments can be phenotype was detected in the receptive fields of single made for changes in membrane excitability and LTP of neurons in layer 2/3. Maps of synaptic potentials are a existing synapses. In addition, we have been unable to very sensitive measure of cortical plasticity: at P14, it detect experience-dependent changes in excitability in is possible to assign each recorded layer 2/3 neuron to vivo or in vitro (M.M., E.A.S., and K.S., unpublished data), a deprived or control animal based on the structure of suggesting that if they occur, changes in excitability are its subthreshold receptive field ( Figure 5E ). Averaging likely to be more subtle than the effects observed here.
subthreshold 
